Death is an inevitable outcome but also a necessary part of life. For example, during embryonic development, the human body is sculpted by the selective removal as well as the propagation of cells. Cell death continues postembryonically to renew damage-prone tissues, to eliminate dangerously unstable cells, and to assist in the resistance to pathogens; every day, the human body produces and eliminates a thousand billion cells. The program of cell elimination is of course tightly regulated. Because abnormalities in the cell death program underlie many human diseases, these processes have been the focus of intensive research, some of which is leading to novel therapeutic approaches.
Plants also employ cell death as a necessary part of life. Cells die as part of normal developmental programs, including embryo development, vascular tissue development, and reproduction. Leaf senescence recycles nutrients both before seasonal shedding in long-lived plants and into seeds in plants that flower once then die (monocarpic plants). And, like animals, plants have mechanisms by which to ward off pathogens and/or remove pathogen-infected cells through programmed cell death (PCD). The first half of this article examines the mechanisms of PCD in plants and other organisms and the function of PCD in development and defense. The second half looks at the physiological process of leaf senescence through which nutrients are remobilized in anticipation of cell death. Our understanding of these processes can enhance the breeding of disease-resistant and higher-yielding crops with optimized nutritional qualities, prolong the shelf life of harvested plants, and provide us with an answer to the question of why leaves sometimes turn red.
A discussion of cell death and senescence raises some semantic challenges (for example, see Thomas et al., 2003 and Woltering, 2004) . Are senescence and cell death distinct processes or variations of a single process? The study of plant senescence has historically focused on the physiological processes that occur during leaf and petal senescence, which are generally slow processes that include an export of nutrients from the senescing tissues and culminate in cell death. By contrast, the study of PCD in animals and plants has focused on the events that occur within cells, whether initiated through developmental signals, pathogen infection, or other stresses. However, it is also possible to look at PCD and senescence as synonyms that describe a process that begins with a signal to die and ends with death and is variable in rate and scope. For the purpose of this article, we will use the term senescence in its traditional sense to describe the relatively slow processes culminating in death in leaves and petals but acknowledge that this distinction is somewhat artificial.
PROGRAMMED CELL DEATH
In 2002, the Nobel Prize in Physiology or Medicine was awarded to Sydney Brenner, Robert Horvitz, and John Sulston for "their discoveries concerning genetic regulation of organ development and programmed cell death." They studied the nematode Caenorhabditis elegans and mapped its development from egg to adult. One of their observations was that certain cells of specific lineages are developmentally programmed to die. Genetic studies identified worms in which the cells didn't die, demonstrating that death is an active program and identifying a set of genes necessary for death. One of these death genes, ced3, encodes a caspase, a novel class of Cysdependent Asp-directed proteases. Caspases are essential mediators of PCD in animals, and related proteins have a role in plant cell death as well.
PCD can occur differently in different cells and contexts, and the process of defining how many categories of PCD occur in animal and plant cells is ongoing (for example, see van Doorn et al., 2011 and . In animal cells, apoptosis and autophagy are considered different forms of PCD, but there are some shared components. Generally, apoptosis occurs during development and in response to cellular damage. A characteristic feature of apoptosis is blebbing of the cytoplasm into small apoptotic bodies that are engulfed and degraded by adjoining cells. Misregulation of apoptosis contributes to human diseases ranging from cancer to Parkinson's disease. At least some of the proteins involved in apoptosis are also involved in PCD in plant cells, as described further below. Autophagy ("selfeating"), which may or may not lead to cell death, involves the encapsulation of cytoplasm and organelles into membrane compartments, followed by their degradation within the cell. In animals and plants, autophagy occurs in response to nutrient limitation, stress, or pathogen infection. The term necrosis or necrotic cell death is often used to describe cell death brought on by the introduction of exogenous killing factors, such as toxins or extreme stress, that may or may not require the active participation of the dying cell; the distinction between necrosis and PCD is sometimes referred to as murder versus suicide.
Apoptosis
In animal cells, apoptosis is a cell death process that includes chromatin condensation and the fragmentation of DNA into nucleosomal fragments and culminates in membrane blebbing and the consumption of the dead cell by surrounding cells or immune cells. Membrane blebbing and engulfment by neighbors cannot occur in plants due to the presence of the cell wall, so it is generally agreed that plants do not carry out apoptosis. Nevertheless, some of the effectors of apoptosis have been found in plant cells. Apoptosis in animal cells is initiated by diverse signals, including intrinsic (cellular damage) and extrinsic (death-inducing signals from other cells or the actions of cytotoxic immune cells). In the intrinsic pathway, the mitochondrial outer membrane is permeabilized and cytochrome C is released along with the accumulation of reactive oxygen species (ROS). Whatever the stimulus, apoptosis involves the activation of caspases, which are synthesized as inactive procaspases and become active upon cleavage to produce the catalytic subunits. Initiator caspases can autoactivate and then cleave downstream executioner caspases to activate them. Caspase activation promotes cell death in part through direct proteolysis of cellular components but also through inactivation of inhibitors of cell death. In animal cells, the initiation of apoptosis, including mitochondrial damage and caspase activation, is inhibited by antiapoptotic members of the large Bcl-2 protein family. Other members of the Bcl-2 family, including Bax, have a proapoptotic function. As described further below, no homologs of the Bcl-2 family have been found in plants.
PCD in Plants: Similarities to and Differences from Apoptosis
Cell death in plant cells occurs in a variety of contexts that will be described further below. In many types of PCD, the full cytological and biochemical processes are not known, but we do have a good idea of some of the processes that can occur during plant PCD. One interesting distinction between types of PCD in plants involves the timing of vacuolar rupture. In some cases, including the development of tracheary elements (TEs), the vacuole ruptures prior to the dismantling of other cellular compartments, whereas in other cases, much of the contents of the cytoplasm is incorporated and degraded in the vacuole prior to its rupturing. Our understanding of the cytological and biochemical events that accompany PCD comes from the identification of proteins with homology to those identified in animals or yeast as well as genetic studies of plant mutants with enhanced or repressed PCD responses.
Plant genomes encode no direct homologs of caspases, but caspase activities (proteolysis at specific sites adjacent to Asp) have been identified biochemically. We currently understand that the roles of caspases in eliciting PCD in plants are fulfilled by other proteases that include metacaspases and vacuolar processing enzymes (VPEs). Metacaspases are found in plants, yeasts, and protozoa and share some structural similarities with caspases. However, metacaspases are specific for cleavage adjacent to Arg or Lys residues and thus are biochemically distinct from caspases. Genetic studies have confirmed that metacaspases are involved in PCD in yeast and plants. Although knockouts of two metacaspases, MC1 and MC2, revealed no abnormal phenotype, when these mutations were combined with the runaway cell death mutant lesion simulating disease resistance response (lsd), they showed opposite effects; in the lsd mc1 double mutant, cell death was suppressed, and in the lsd mc2 mutant, cell death was accelerated. These studies indicate that MC1 is a positive regulator and MC2 a negative regulator of cell death. Genetic studies also revealed that MC4 and MC8 are positive regulators of plant cell death under various stresses.
Other proteases have been identified in plants that contribute to PCD, and like caspases, they are Asp specific. These include subtilisin-like proteases (including saspases and phytaspases), proteasome subunits, and VPEs. Saspases and phytaspases are thought to reside in the apoplast and effect their lethal actions when they enter into a cell. VPEs are found in vacuoles and are thought to contribute to the degradation of proteins that accumulate in the vacuole during cell death. Although they are not structurally related to caspases, VPEs have caspase activity, are inhibited by caspase inhibitors, are required for the hypersensitive response (HR) to viruses and certain other pathogens, and contribute to the nutrient remobilization processes of senescence. Thus, many of the functions of animal caspases are mediated by VPEs in plants.
There are no plant homologs to apoptotic-regulating Bcl-2 proteins, but the mammalian genes are functional when expressed in plant cells. That is, expression in plant cells of the proapoptotic Bax promotes cell death, and the antiapoptotic Bcl-2 protein can suppress cell death, suggesting that some elements of the pathway regulated by these proteins is present in plant cells. Interestingly, a protein identified in yeast and animal cells as a Bax inhibitor (BI-1) is conserved in plants and functionally inhibits mammalian Bax in plant cells. Furthermore, BI-1 inhibits cell death in response to elevated ROS and salicylic acid, and efforts to elucidate the mechanisms involved continue. Recent genetic studies of BI-1 in plants and animals indicate that endoplasmic reticulum stress response and calcium regulation are likely involved in its mode of action.
Finally, elevated ROS, or repressed levels of antioxidants, are frequently correlated with the early events in plant PCD and have a significant role in its initiation. Studies of ROS signaling are always confounded by the fact that ROS are toxic, and in some cases elevated ROS can be lethal. However, in PCD, the major role of ROS appears to be that of a signal, as will be described more thoroughly below. In plants and animals, another group of small molecules called polyamines are implicated as both signals and effectors of cell death.
Collectively, these studies show that there are many differences between apoptosis and PCD as we understand it in plant cells but that there are some shared features between these processes. Although close homologs of caspases and Bcl-2 proteins are not found in plants, proteins that functionally replicate some of their activities or targets are present. One implication of this is that some aspects of the self-destruction pathways may have evolved independently. By contrast, the process of autophagy is more highly conserved among plants, animals, and yeast and has been somewhat easier to dissect in plants, but its direct contribution to cell death in plants remains controversial.
Autophagy in Yeast, Animal, and Plant Cells
Autophagy is an evolutionarily conserved process through which cytoplasmic proteins or organelles are delivered to the vacuole or lysosome for degradation. It can be quite selective; targets can include protein aggregates, porphyrins, or ribosomes, depending on the cell's needs. Autophagy is a necessary process for cellular and organismal homeostasis and in nutrient recycling especially in response to nutrient limitation, and it may or may not culminate in cell death. Autophagy is largely a proteolytic process that is involved in the bulk degradation of long-lived cytosolic proteins and organelles, in contrast with the ubiquitin-proteasome system that degrades specific short-lived proteins. Abnormal autophagy has been implicated in human diseases, including cancer, cardiovascular diseases, and infection. Macroautophagy (from now on referred to as autophagy) involves the formation of a double membrane around the material to be degraded to form an autophagosome, followed by the fusion of its outer membrane with and incorporation into the lysosome or vacuole. Autophagosome formation is a complex, regulated process involving several proteins. Genetic studies in yeast identified many AUTOPHAGY (ATG) genes, most of which have homologs in plants and many of which have amplified into gene families in plants. Plant mutants in ATG genes have been identified, and at first approximation these mutants appear quite normal. However, they are particularly sensitive to nutrient starvation and exhibit altered responses to pathogens, consistent with roles for autophagy in nutrient remobilization and the defense response. There has been considerable discussion as to whether autophagy has a prodeath or rather an antideath function in plant cells. The role of autophagy in the HR and senescence will be described further below.
DEATH AS A DEVELOPMENTAL PROGRAM
There are many instances of PCD in plants that arise through normal developmental programs. The best characterized of these is the formation of the water-conducting tracheary elements (TEs), which are functional when dead. PCD also occurs during the normal development of vegetative and reproductive structures, including leaves, stems, roots, flowers, embryos, and seeds.
TEs and Aerenchyma: Functional Cell Corpses
The ability of vascular plants to grow big is derived from their water-conducting xylem. TEs are the cells in the xylem through which water and dissolved solutes move. They are optimized for this function in that they have a thick, lignified, and pressureand water-resistant cell wall, and they are dead when functional. TE development is of great interest for many reasons: TEs make up the majority of the body of long-lived plants, such as trees, and sequester large amounts of carbon; they are the major component of wood, which can be used as a source of fuel, construction material, and pulp for paper production; and they are an excellent system in which to study PCD. Much of what we know about TE development comes from studies of Arabidopsis thaliana, trees of the genus Populus, and an in vitro cell culture system in which mesophyll cells isolated from Zinnia elegans transdifferentiate into TEs in response to exogenous hormone treatments. Collectively, these systems have revealed the programs leading from undifferentiated cell to TE, including the final step, cell death.
The precise triggers for PCD in xylogenesis are not fully understood, although one gene encoding a metacaspase and one encoding a VPE are upregulated, and TE formation is interfered with by caspase inhibitors. Interestingly, TE development is unaffected in most atg mutants, although other studies suggest that autophagy contributes to TE formation, indicating perhaps multiple and somewhat redundant autoph-agy pathways. The final stage of death involves the lysis of the vacuole and the release of its accumulated proteases, nucleases, and lipases, which rapidly degrade the contents of the cytoplasm and organelles Aerenchyma are air-conducting channels in roots and shoots that are induced by oxygen deprivation and serve to oxygenate water-logged tissues. They are initiated in response to ethylene accumulation and ROS and often form through PCD. Aerenchyma formation has been studied in several plants, and the development of a system in which aerenchyma form in Arabidopsis is facilitating genetic studies.
PCD as a Developmental Program in Other Tissues
There are numerous examples of PCD during plant development, and the involvement of caspase-like proteases, ROS, and autophagy-like processes have been confirmed in many of them. PCD occurs during the development of some leaves, notably in lace plant (Aponogeton madagascariensis) and Monstera (a genus that includes Mostera deliciosa, the Swiss cheese plant), which form holes in the leaf blade. In some plants, including maize (Zea mays), unisexual flowers develop from hermaphroditic flowers through PCD of the stamen or pistil primordia. In wheat (Triticum aestivum), the number of florets that form is subject to nutrient availability, and in some cases, floret primordia are aborted through PCD. Self-incompatibility is a system that prevents self-fertilization and inbreeding, and in which PCD is triggered in self-incompatible pollen tubes. During seed development, the suspensor cells are eliminated by PCD. PCD is also involved in protecting the surfaces of some plant tissues, similarly to the role of the cells on the outer surface of the skin. For example, in long-lived woody plants, bark is formed by PCD of cork cells, which accumulate waterproof suberin and protect the plant. Root border cells, which are thought to have a similar protective function, are produced by the continual cell division activity of the root cap and programmed to separate from the root cap leading to a continuous sloughing off of these cells. Unlike the cells sloughed off the bark or human skin, the root border cells are alive when released.
DEATH AS DEFENSE: THE HYPERSENSITIVE RESPONSE
One of the plant's responses to pathogen attack is a rapid, localized PCD called the hypersensitive response (HR), which involves the death of the infected cells as well as a few surrounding cells. Death is accompanied by the induction of plant defense responses, including activation of pathogen response genes that encode antimicrobial compounds, and deposition of phenolic compounds into the infected cells that strengthen and seal the cells. Not surprisingly, a few pathogens have evolved mechanisms that interfere with the cell death response!
The defensive HR is controlled by the plant, so it can be distinct from cell death or necrosis caused by the pathogen or pathogen-produced toxins. One of the earliest responses to pathogen infection is an oxidative burst, which involves ROS generated in the apoplast and chloroplast, as well as perhaps the mitochondria, and which is thought to induce the HR.
Interestingly, lesions very similar to those produced during the HR are induced by ozone, which is converted in the apoplast to ROS. Pathogen infection often also leads to the accumulation of the defense hormone salicylic acid (SA), and ROS and SA act synergistically through a positive feedback loop.
Several mutants whose HRs are increased or decreased in magnitude have been identified that shed some light on the biochemistry of cell death in defense responses. Lesion mimic mutants affect either the initiation or propagation of the HR. The lsd1 mutant shows runaway cell death in response to pathogen infection. That is, the initiation of the response is normal, but too many cells get involved, indicating that LSD1 suppresses HR in nearby cells. The lsd1 mutant is also hypersensitive to ROS and the defense hormone SA. In some cases, atg mutants show excessive HR and heightened sensitivity to SA and ROS. Many lesion mimic mutants have been shown to hyperaccumulate SA, further indicating SA's importance in this response.
The HR requires the involvement of metacaspases and VPE. VPE deficiency prevents virus-induced hypersensitive cell death in tobacco (Nicotiana tabacum) plants. As indicated earlier, lossof-function mutants of metacaspases MC1 or MC2 have no abnormal phenotype, but when combined with the lsd1 mutant show opposite effects on cell death. These results suggest a model in which in the infected cell MC1 promotes cell death, whereas in adjacent uninfected cells, MC2 and LSD1 suppress cell death. How autophagy contributes to HR is still unresolved. The runaway cell death phenotype of many atg mutants suggests that autophagy may be critical to contain the cell death response and avoid excessive immunity-related PCD. A current model suggests that one of the roles of autophagy may be to downregulate the death-promoting SA signal.
Interestingly, many studies have shown that death itself is not the process that limits pathogen proliferation and that the plant programs that limit pathogen proliferation are genetically separable from cell death. The most clearly demonstrated role of PCD during the HR is to suppress systemic movement of viruses in the infected plants. It is possible that cell death may often be an unintended side effect of the plant's strong defense responses (including ROS production and SA production) that are necessary to restrict general pathogen proliferation and to elicit defense responses systemically. It is somewhat ironic that perhaps in one of the most thoroughly studied models for PCD in plants, death is often not the point nor is it necessary for the outcome.
DEATH AS A RECYCLING PROCESS: LEAF SENESCENCE
The PCD models we have just described are examples of localized cell death events that occur in a background of living cells. Senescence is a form of cell death that occurs on a larger scale, organ-wide. Like PCD, senescence is an active, energyrequiring developmental program that is driven by new gene expression. Although it culminates in death, senescence is primarily a process through which nutrients are remobilized. Senescence is regulated by multiple endogenous and environmental factors. Leaf senescence takes place seasonally in longlived woody plants, following reproduction in monocarpic plants that die after reproduction (e.g., most familiar crop plants) or under various kinds of stress.
Initiation of Senescence

Age, Reproduction, and Daylength
In some plants, leaves senesce as a consequence of age. Sequential senescence is the program by which older leaves senesce and the nutrients are translocated to more photosynthetically efficient younger leaves. Arabidopsis leaves show sequential senescence. Reproduction is also a trigger of leaf senescence in Arabidopsis and other monocarpic plants. In an early study, the removal of flowers and pods was found to dramatically delay senescence in soybean (Glycine max). In longlived trees in temperate environments, such as European aspen (Populus tremula), leaves senesce in parallel in response to shortening daylength and cooling temperatures, and the remobilized nutrients are stored in the bark and other tissues until the rapid growth of new leaves the following spring. During autumn senescence in aspen, ;90% of the leaf nitrogen is remobilized, but this number varies by species and environmental conditions. How these environmental and endogenous cues are transduced into the initiation of senescence is still being investigated.
Stress and Metabolic Imbalances
A plant experiencing drought stress can accelerate the transition to reproductive growth, pumping its limited resources into seeds that can withstand desiccation. In addition to providing nutrients to the developing seeds, leaf senescence in plants escaping drought in this manner can help reduce the plant's water loss through transpiration. This "bail out" response can ensure that the plant produces a small number of progeny, rather than dying before any progeny are produced. This stress-induced acceleration of reproduction is accompanied by a stress-induced acceleration of leaf senescence to provide nutrients to the developing seeds.
Individual leaves can independently initiate the senescence program. Triggers that initiate senescence locally include wounding, shading, ozone, UV-light damage or other stress that leads to oxidative damage, and attack by pathogen or pest. Accumulating evidence suggests that plants employ different signal transduction pathways to initiate stress-induced senescence compared with developmentally induced senescence, but the picture is still far from complete.
Shading a single leaf initiates senescence in that leaf, in a highly localized process. For example, a leaf that is half-shaded will senesce in the shaded half. This cell-autonomous behavior suggests that the plant is continually monitoring the photosynthetic output of leaf cells, and an underproducing leaf cell must sacrifice its nutrients in favor of a higher performer. Nitrogen deficiency causes senescence particularly in older leaves, with the nitrogen exported from these senescing leaves moving into younger leaves with greater photosynthetic efficiency. However, some studies suggest that senescence is regulated by the relative amounts of nitrogen and carbon available to the plant. For example, senescence is more pronounced in Arabidopsis plants grown in low nitrogen in the presence of Glc than the absence of Glc. Other studies indicate that sugar sensing alone may contribute to the initiation of senescence, and the onset of senescence can be manipulated by altering the levels of the nutrition and energy signals such as the metabolite trehalose-6 phosphate or the protein kinase TOR (Target of Rifampacin). Clearly, the movement of nutrients from source to sink is an integral but poorly understood facet of senescence.
Hormonal Regulation of Senescence
The onset of senescence is regulated positively and negatively by several plant hormones. Cytokinin has a very strong antisenescence effect. Overproduction of cytokinins or cytokinin application retards leaf senescence, and cytokinin underproduction or insensitivity accelerates leaf senescence. An autoregulatory senescence inhibition system that involves overexpressing isopentenyl transferase (catalyzing the first and rate-limiting step in the biosynthesis of cytokinins) has been successfully applied in a number of crops to delay leaf senescence. Transgenic plants, such as Medicago truncatula, lettuce (Lactuca sativa), bok choy (Brassica chinensis), broccoli (Brassica oleracea), and tobacco, harboring this system display significantly delayed leaf senescence and extended longevity of the whole plant. Furthermore, senescence-induced cytokinin production can increase plant drought tolerance.
Conversely, ethylene promotes senescence under many conditions. Leaf senescence is delayed in plants that are deficient in ethylene perception or signal transduction. However, leaves of plants that constitutively overproduce ethylene do not necessarily exhibit precocious senescence. Furthermore, ethylene can only induce senescence in leaves that have reached a defined age. It appears that some age-dependent factors are required for ethylene-regulated leaf senescence. Ethylene also has a major role in promoting senescence in petals.
Other hormones are implicated in accelerating senescence, but the picture is not as clear. Jasmonate and SA defense hormones are both implicated in accelerating leaf senescence in wounded leaves or leaves under attack by insects or pathogens. Similarly, ABA is implicated in drought-induced senescence. However, in most cases, these hormones alone cannot fully induce senescence, and senescence can occur in mutants affected in synthesis or perception of these hormones. Thus, it is likely that these defense and stress hormones are necessary for senescence responses under certain conditions but not others.
In addition to hormones, polyamines (PAs) have been found to delay plant senescence and programmed cell death. The action of PAs appears to be mediated by transglutaminase.
Senescence-Associated Genes
Beginning several years ago, genes specifically up-or downregulated during senescence were identified and named senescence-associated genes (SAGs). The plant maximizes its efficiency of resource use through regulating the initiation and timing of senescence, and as much as 15% of the genome or more is differentially expressed during senescence. Many SAGs have regulatory functions (for example, by encoding transcription factors or hormone biosynthetic genes), whereas others participate directly in nutrient remobilization processes. Recently, a large-scale study of SAGs was completed that elegantly reveals the chronology of their expression and function during the senescence processes.
Genes upregulated during the early stages of senescence encode proteins involved in signaling and transcription factors, autophagy, and responses to ROS. Genes induced later encode genes with caspase-like activities and those involved in anthocyanin pigment production. Finally, genes encoding catabolic enzymes, such as proteases, nucleases, glucanases, and lipases, and those encoding transporters and enzymes involved in mobilization and reassimilation of nutrients are expressed. Downregulated genes include those involved in anabolic processes, chlorophyll synthesis, and photosynthesis. Analysis of these SAGs and particularly the transcription factors upregulated during senescence is allowing a full network of interactions between genes to be assembled and investigated. Several interesting observations are emerging, for example, the observation that developmentally induced senescence and stressinduced senescence may involve overlapping subsets of genes. There is also evidence indicating that epigenetic changes are associated with senescence in plants, as in animals.
Cell Death during Senescence
Degradation of Chlorophyll and Photosynthetic Apparatus
Leaves are photosynthetic organs in which nutrient resources are concentrated within chloroplasts. Up to 75% of the nitrogen in a leaf mesophyll cell can be found in the chloroplasts, mostly as ribulose-1,5-bisphosphate carboxylate/oxygenase. A plant cannot afford not to reassimilate the nitrogen and phosphate from its chloroplasts, whether to store them for use in the next set of leaves or to bequeath them to the next generation as seed storage nutrients. In monocarpic plants, most of the nitrogen from leaf proteins is translocated into the seeds.
The first visible indication of leaf senescence often is the leaf yellowing that occurs when green chlorophyll is degraded. Chlorophyll degradation is complicated because when photosynthesis stops, plants are subject to damage by unprocessed light energy and because the by-products of chlorophyll degradation are reactive and can be toxic. Senescence induces chlorophyll-metabolizing enzymes, which act in the chloroplast for the early steps and subsequently in the vacuole. Damage from excess excitation energy can be somewhat mitigated by other protective pigments. The breakdown of chlorophyll uncovers carotenoid and anthocyanin pigments, which can further accumulate in some seasonally senescing leaves, leading to their striking yellow, orange, and red pigmentations. Structural changes in the chloroplasts, including disassembly of the thylakoid membranes and the formation of lipid bodies called plastoglobuli, cause them to differentiate into what are sometimes called gerontoplasts. Initially, the dismantling of the photosynthetic apparatus is reversible, and the other organelles are largely unaffected during this stage of senescence and continue to provide energetic and transcriptional support to the cell.
Dismantling of the Cell and Nutrient Mobilization
Following the degradation of the photosynthetic machinery, a senescing leaf cell eventually exports the bulk of its nutrients and proceeds to die. The details of these processes are still being worked out, but an autophagy-like process seems to be involved. Senescence-associated vacuoles and bodies containing ribulose-1,5-bisphosphate carboxylate/oxygenase form and merge with the vacuole, and many ATG genes are transcriptionally upregulated during senescence. The importance of autophagy in nutrient remobilization process is clear from the phenotype of atg mutants, which are particularly sensitive to low-nutrient growth conditions and which are deficient in nutrient remobilization into seeds. Ultrastructural studies of some atg mutants indicate that autophagosomes can accumulate unprocessed in the cell, so the nutrients they contain are not available to the rest of the plant. However, it is also clear that the rate of senescence is enhanced in some atg mutants, which is counterintuitive. It has been proposed that in these mutants an alternate route of cellular catabolism is induced, which is inefficient in nutrient remobilization, causing the affected plants to senesce rapidly but with poor viability.
Economic Impacts of Senescence
Effects of Senescence on Yield
The timing of leaf senescence relative to grain filling affects the yield and nutritional quality of the crop. Studies in rice (Oryza sativa), wheat, and barley (Hordeum vulgare) show that delaying leaf senescence can lead to higher seed yields because the leaves retain their photosynthetic capabilities longer. However, delayed senescence can also lead to reduced nutritional quality in the seed because when senescence is delayed amino acids as well as zinc and iron nutrients are not efficiently mobilized into the grain. Furthermore, heavier grain heads can lead to increased yield losses to lodging and delayed senescence can make plants vulnerable to end-of-season weather challenges (e.g., cold, or in other cases, heat or drought). By learning more about the processes that induce senescence and mediate nutrient translocation, it might be possible to accelerate the movement of nutrients from leaf to seed and so eliminate the trade-off between higher yield and lower nutritional quality.
Yields are also affected by plant architecture and abiotic stresses. Cytokinins can delay leaf senescence, but large-scale increases in cytokinin production can also affect plant architecture and reduce yields. A clever solution to this problem comes from the expression of cytokinin biosynthesis genes from promoters that are senescence inducible, meaning that the level of cytokinin increases where and when it is needed to delay senescence. Interestingly, senescence-induced cytokinin production has also been found to enhance plants' tolerance to drought by eliminating drought-induced cell death and allowing the leaves to survive drought periods. Similar studies suggest that this strategy may be able to contribute to tolerance for other kinds of abiotic stress
Effects of Senescence on Postharvest Quality
The harvesting of green tissues (in contrast with dry seeds) can induce senescence programs that affect their nutritional qualities and appearance. Broccoli and asparagus (Asparagus officinalis) are popular foods whose shelf life is limited by senescence. Most of us have observed the rapid yellowing of the sepals of broccoli florets that occurs even in the refrigerator. Experiments have shown that treatment of the florets with cytokinin delays senescence, but this is not commonly practiced. Instead, senescence is delayed somewhat by storage and shipment in cool temperatures and a reduced-oxygen environment. Genetic approaches have been employed to identify natural variants that delay senescence, leading to improved varieties with prolonged shelf lives.
Petal Senescence
The purpose of petals is to attract pollinators, but, once this function is achieved, petals can become a liability (see Teaching Tools in Plant Biology: Plants and Arthropods: Friends or Foes?). In many flowers, pollination causes ethylene production and rapid petal senescence. Transcriptomic studies indicate that the process of petal senescence somewhat resembles that of leaf senescence, which is not unexpected given that petals are evolutionarily derived from leaves. Flowers have another economic niche, based on the human enjoyment of them: floristry and horticulture rely on flowers pleasing our senses and to some extent staying fresh and vibrant. The production of ornamental cut flowers is a significant industry; global trade in cut flowers exceeds $100 billion annually, with China, the United States, and the Netherlands being major exporters. Developing countries also are moving into the profitable cut flower business. One of this industry's ongoing quests has been to develop flowers with enhanced longevity by identifying factors that contribute to the onset and rate of petal senescence. Age, ethylene, pollination, ROS, and sugar depletion are inducers of petal senescence. We can use this knowledge to enhance the vase life of cut flowers, for example, by adding sugar or ethylene inhibitors to the water or through the genetic manipulation of ethylene synthesis or response.
CONCLUSIONS
Cell death is not synonymous with the death of an organism; in fact, organisms judiciously kill off selected cells to prolong their own life or enhance the viability of their progeny. (Self-sacrifice to increase the viability of one's progeny is a trait selected for by natural selection; it is the viability of the genes, not the individual that matters.) Generally, the same three factors promote cell death in plants as in animals: elimination of damaged or infected tissues (e.g., the hypersensitive defense response), as a refinement of developmental processes (e.g., formation of TEs), and to replace short-lived or easily damaged cells (e.g., root cap cells and, in some plants, leaves). Senescence is a developmentally programmed process that includes cell death, but as we use the term here, senescence is primarily a nutrient-recycling program. Our understanding of the molecular events that occur during cell death and senescence is complicated by the fact that there appear to be multiple interconnected programs regulating both processes. Ongoing studies include continuing to investigate the functions of SAGs and the components and connections of the signaling networks. It is clear that we can alter crop yield and nutritional quality as well as plant stress tolerance through manipulating the timing of senescence, but we do not have enough information as yet to be able to customize plant senescence programs toward different outcomes. (This is a representative list of sources to help the reader access a huge body of literature. We apologize in advance to those whose work is not included.)
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